Abstract-This paper deals with the simultaneous control of idling and emissions. Three candidate controllers were developed and are compared, via simulation, with Honda's current production controller. The simulation utilizes a detailed engine model made up of an airflow dynamics model, a combustion model, a fuel injection model, and a catalytic converter model. Data from the engine model is compared with measurements from a production engine in order to test and evaluate the model.
I. INTRODUCTION
n this paper, we describe two candidate MIMO controllers for an internal combustion engine in the idling condition. When the vehicle is idling, it is difficult to stabilize engine speed because the engine speed is very low and is sensitive to changing loads due to the Air Conditioner (A/C), Power Steering (P/S), and Alternator (ALT). Meanwhile, United States federal law requires improved regulation of the exhaust emissions. Thus, it is also essential to reduce the emissions. Research upon these problems has been conducted. Most treat the engine speed control problem and the emission reduction problem separately [1] , [2] , [6] . The combined objective of idle speed and A/F ratio control has been studied in [3] . We combined these problems-emission reduction and idle speed regulation-into one problem, thereby possibly avoiding interference between the two individual controllers. In order to test the proposed controllers, we developed a detailed model of the Acura RL 3.5L V6 engine, 2005 model year and its emissions. In addition, a model of Honda's production controller for this engine was used to control the model. The accuracy of the model was then tested against measured data from a production engine. To evaluate the performance of the new controllers, we compared their performance with that of the existing Honda controllers which contain separate idle, air and fuel ratio, and emissions controllers. This comparison is based on the simulation. This is a heavily abridged version of a report on this work [5] . Please see the report for more detailed information about every aspect of this work.
II. ENGINE MODEL
The engine model consists of four main components: airflow dynamics model, model of engine dynamics, fuel injection model, and catalytic converter model. Fig. 1 gives an overview of the airflow dynamics. Note that there are three inputs, the throttle command from the driver, the manifold pressure, and the purge flow. The purge flow is the result of inhaling evaporated gas into the cylinder in order to prevent unburned gasoline from escaping to the outside air. The airflow function is, as indicated, a nonlinear function of its two inputs. The manifold fill in is a representation of the last term in Eq. (1) 
A. Airflow dynamics model
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Figure 3 Block diagram of the engine dynamics
The airflow amount, ignition timing, and the air/fuel ratio ( ), control the engine torque. Lambda ( ) is also an extremely important factor for the emissions; on the other hand, the effect of on the engine speed has been neglected in most research. After the engine is warmed up, stays close to stoichiometric, the ideal air/fuel ratio; therefore, we can linearize at the stoichiometric air/fuel ratio.
To calculate the torque due to combustion, we assume that the combustion torque can be linearized at a nominal point. Temporarily ignoring the effect of the Internal Exhaust Gas Recirculation (Internal EGR), the relationship between the airflow amount and the engine combustion torque is almost linear. This explains the left-most threeinput summer in Fig. 3 . The effect of internal EGR is accounted for in the block labeled Combustion Trq. There is a nonlinear curve relating the output torque to the manifold pressure. It is assumed here that the internal EGR does not affect the manifold pressure which makes the manifold pressure an exogenous input.
We have so far accounted only for mean torque. However, the combustion torque is only generated during the explosion phase of the engine cycle. In addition we should include a pumping loss which is incurred during the induction phase. The block labeled Cylinder angle provides the information necessary to compute both pumping loss (the Friction Trq. Block) and the time dependence of combustion torque (inside the Combustion Trq. Block). The computations to do this are complicated. The details are given in our report [5] . The combustion, friction and load torques are then added, scaled, and integrated once to obtain engine speed. Notice that the engine speed is fed back to the Cylinder angle block to enable us to compute the cylinder angle.
To test the model, we compare its response to a step change in throttle angle to the response of a real engine to the same input in Fig. 4 . Note that the simulation jumps very frequently, causing the signal to appear blurry in Figure  4 .
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Figure 4 Response of engine speed to a throttle perturbation
As can be seen, the simulation is reasonably, although not perfectly, accurate. It does slightly underestimate the effect of the throttle.
C. Fuel Injection Model
A block diagram of the model of fuel injection is given in Fig. 5 . The model is in discrete time because the control is the injection duration. Note that the feedback loop between the injection duration and the Air/Fuel function models a phenomenon known as wall wetting. Some portion of the injected fuel does not enter the cylinder immediately. It instead adheres to the wall and the valves around the injector. This fuel is absorbed into the cylinder within several time steps. The piece of the block diagram between the rightmost summers is a linear approximation to the EGR (Exhaust Gas Recirculation).
Figure 5 Block diagram of the fuel injection system
The specific engine modeled is a V6 which has two banks and two air/fuel sensors. A comparison of the simulation with data from a real engine is shown in Fig. 6 . Notice that the simulation responds much faster than the real system.
Figure 6 Comparison of simulation with measured response
D. The catalytic converter model
The dynamic model of a three-way catalytic converter presented here is taken from [4] . A controller is given in [6] . The model is in two parts, a dynamic oxygen storage model and a static feed-gas emissions and catalyst purification model. The dynamics are given in Fig. 7 .
Figure 7 Block diagram of the dynamic oxygen storage model
The oxygen storage model can be written as 
Note that we have added a low pass filter (at the right in Fig.  7 ) to improve the match to experimental data. The pre-and post-catalyst lambdas determine the emissions of each of the three important gases, NOx(t), HC(t), and CO(t). This is done by an algebraic calculation shown symbolically in Fig. 8 .
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Figure 8 The nonlinear emissions computation
A comparison of the emissions measured for the modeled six cylinder engine with the emissions from the simulation is shown in Fig. 9 . These results are for a fresh catalyst. The results for a maximally aged catalyst (120,000 miles) are not as good but are still satisfactory. They can be seen in the report that is the basis for this paper [5] .
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Figure 9 Measured versus actual emissions
III. PRODUCTION CONTROLLER
At present, Honda has separate controllers for idle speed and emissions. The engine speed controller also consists of two separate controllers, a PID controller of the air amount and a P controller for ignition timing. There are also feed forward compensators for both load and ambient pressure. For example, when the air conditioner (AC) needs to turn on, a short pulse of extra air is inserted into the cylinder in order to avoid a drop in engine speed. The emissions controller is quite sophisticated. It includes a self-tuning regulator (STR) to control the pre-catalyst and an adaptive sliding mode controller to stabilize the postcatalyst . Block diagrams of these two controllers are given in Figs. 10 and 11.
Figure 10 STR controller for pre-catalyst lambda
The STR controller has five parameters that are estimated in real time. They are individually time-averaged to avoid chattering. The shaded block in Fig. 10 is the actual engine. The other blocks are the controller components.
Figure 11 PRISM controller
The adaptive sliding mode controller is called a PRISM (Prediction and Identification type Sliding Mode) controller. A block diagram for it is given in Fig. 11 . Again the shaded blocks are the actual physical devices.
IV. CANDIDATE CONTROLLERS
Three different MIMO controllers were developed. All are based on a linearization of the model given in Section II. The controller obtained by pole placement was clearly inferior to Honda's production controller. We will not discus it further. The other two controllers, a dead beat and an LQR-based design, both outperformed the production controller, at least in simulation.
All of the MIMO controllers are based on a 23 state, 4 control model with state feedback. State feedback is certainly not feasible. However, both controllers would work with a state estimator albeit with degraded performance. The dead beat controller was designed to make the state vector, x(k+1)=0, regardless of the initial state. The results of the simulations of the dead beat and production controllers are given in the following figures. Notice, in Fig. 12 , that both controllers regulate engine speed similarly. However, the dead beat controller does a substantially better job of regulating emissions, as shown in Fig. 13 . Finally, Figs. 14 and 15 show that the dead beat controller outperforms the Honda controller when a power steering input perturbs the system. Note that there is one exception to this. The Honda controller produces less NOx emissions, as can be seen in Fig. 15 . There is a tradeoff among the emissions. It would be possible to reduce the NOx emissions of the dead beat controller but this would increase the other emissions.
Of course, the production controller uses only feedback from physical sensors, a considerable handicap compared to the dead beat controller. The other candidate controller was designed using the LQR theory.
It also outperformed the current production controller, as can be seen in the following Figs 16-19 The results presented here suggest that it would be worthwhile to combine the idle speed and emissions controllers into a single MIMO controller. In addition to the advantages in performance, there is an unobvious advantage to the two MIMO controllers. They do not require feedforward air compensation. This eliminates the need for calibration, thereby saving cost. We did not design an H controller, although this is an obvious candidate, especially since the main objective is to reduce the effects of perturbations. This is something that certainly should be tried.
We believe the model developed here has potential utility beyond what we have done with it here. It is as detailed a model as we could create of a real engine operating in the idle regime, a mode that is challenging to control. The effect of the normal perturbations of the idle speed has been modeled as effectively as possible. We invite others to try to design controllers that will maintain idle speed as low as possible while minimizing emissions despite large perturbations to the load due to air conditioning, power steering, and the alternator. The LQR controller Honda controller
